Introduction
Randomized trials from Kenya, South Africa, and Uganda demonstrated that male circumcision reduces a man's risk of acquiring HIV-1 by approximately 60% [1] [2] [3] . In advance of the trials, 20 years of data, from more than three dozen observational studies, showed that circumcised men were at substantially decreased HIV-1 risk compared with uncircumcised men [4] . In response to this compelling body of evidence, WHO and UNAIDS recommended that male circumcision become part of a comprehensive HIV-1 prevention package in countries where HIV-1 is prevalent and circumcision is uncommon [5] . Programs to roll out male circumcision have since been initiated in several African countries [6] .
To avoid stigmatizing HIV-1-infected men, WHO/ UNAIDS guidelines recommend that circumcision be provided to healthy men who request the procedure, regardless of HIV-1 serostatus, including for those declining HIV-1 testing [7] . Thus, HIV-1-infected men will undoubtedly undergo circumcision as rollout programs are implemented. Moreover, some circumcised men will acquire HIV-1 in spite of the partial HIV-1 protection offered by circumcision. Few studies have examined the potential effect that the circumcision status of HIV-1-infected men might have on HIV-1 transmission risk to women. Two prospective observational studies found that female partners of circumcised HIV-1-infected men were less likely to acquire HIV-1 [8, 9] ; however, another study found no relationship between male circumcision status and women's HIV-1 risk [10] . A recent clinical trial found no statistically significant difference in HIV-1 incidence among female partners of HIV-1-infected men who were randomized to undergo circumcision compared with those whose partners remained uncircumcised, but with short-term increased HIV-1 risk for women whose partners underwent circumcision and resumed sex prior to wound healing [11] .
Understanding the potential short-term and long-term effects of circumcision in HIV-1-infected men on risk of HIV-1 transmission to their sexual partners is a public health priority. We analyzed data from a multinational prospective study among HIV-1-serodiscordant couples (i.e., in which one partner was infected with HIV-1 and the other was HIV-1-uninfected) to explore the relationship between male circumcision status and women's HIV-1 risk.
Methods

Population and procedures
Between November 2004 and April 2007, 3408 heterosexual HIV-1-serodiscordant couples in which the HIV-1-seropositive partner was also seropositive for herpes simplex virus type 2 (HSV-2) were enrolled in a randomized, double-blind, placebo-controlled, clinical trial of daily HSV-2 suppressive therapy (acyclovir 400 mg orally twice daily) as a potential intervention to decrease HIV-1 transmission to the HIV-1-seronegative partner [12] . The study was conducted at seven sites in eastern Africa (Eldoret, Kisumu, Nairobi and Thika, Kenya; Kigali, Rwanda; Moshi, Tanzania; Kampala, Uganda) and seven sites in southern Africa (Gaborone, Botswana; Cape Town, Orange Farm, and Soweto, South Africa; Kitwe, Lusaka, and Ndola, Zambia). Follow-up was completed in October 2008. As reported elsewhere, acyclovir HSV-2 suppressive therapy failed to reduce HIV-1 transmission within the couples, in spite of a 73% reduction in incident genital ulcer disease and a 0.25 log 10 copies/ml reduction in HIV-1 plasma viral load among the HIV-1-infected partners [13] .
Eligible couples reported at least three episodes of vaginal intercourse during the 3 months prior to screening and planned to remain together for the 24 months of study follow-up. HIV-1-infected partners were of at least 18 years of age, HIV-1-seropositive and HSV-2-seropositive, not on antiretroviral therapy, and had a CD4 cell count of at least 250 cells/ml and no AIDS-defining conditions. HIV-1-uninfected partners were of at least 18 years of age and HIV-1-seronegative; they could be HSV-2-seropositive or HSV-2-seronegative.
HIV-1-infected partners were seen monthly for provision of study drug and behavioral risk assessment, including risk reduction counseling. Those who met national guidelines for initiation of antiretroviral therapy during follow-up were referred to local HIV-1 care clinics. Male circumcision status was determined by physical examination at the time of study enrollment. HIV-1-uninfected partners were seen quarterly. Visits included interviews about risk behavior and tests for HIV-1 antibodies.
All participants received an HIV-1 prevention package consisting of pretest and posttest counseling, risk reduction counseling (both individual and couple), free condoms, and management of sexually transmitted infections (STIs) according to WHO guidelines. Scheduled syndromic STI assessment was performed quarterly for all study participants and at nonquarterly visits when symptoms were reported. The study protocol was approved by the University of Washington Human Subjects Review Committee and ethical review committees at each collaborating institution. All participants provided written informed consent.
Laboratory analyses
HIV-1 serologic testing was done by dual rapid HIV-1 antibody tests, confirmed by HIV-1 enzyme-linked immunosorbent assay (EIA) and western blot. For couples in which HIV-1 seroconversion occurred, virus 738 AIDS 2010, Vol 24 No 5 sequence analysis was used to determine whether the HIV-1 transmission was 'genetically linked' within the partnership or could not be linked, as detailed elsewhere [13] . HSV-2 serostatus was determined by HerpeSelect-2 EIA (Focus Technologies, Cypress, California, USA) [14] , confirmed by HSV western blot [15] . Couples in which the HIV-1-infected partner did not have serologically confirmed HIV-1 and HSV-2 infection at study entry were excluded from the dataset [13] .
CD4 quantification was performed for HIV-1-infected participants at 6-month intervals using standard flow cytometry. Plasma HIV-1 concentrations from baseline and months 3, 6, 12, and 24 were quantified using the COBAS TaqMan HIV-1 RNA assay, version 1.0, (Roche Diagnostics, Indianapolis, Indiana, USA); the limit of quantification was 240 copies/ml.
Batch testing at the end of the study was done from samples collected at enrollment by nucleic acid amplification for Chlamydia trachomatis, Neisseria gonorrhoeae, and Trichomonas vaginalis using endocervical swabs (women) and urine samples (men; Gen-Probe, San Diego, California, USA) [12] .
Data analysis
The present analysis was restricted to those couples in which the HIV-1-seropositive partner was male. Differences in baseline demographic and behavioral characteristics for couples with circumcised versus uncircumcised men were assessed using the Kruskal-Wallis test for continuous measures and the x 2 test for proportions. For all sexual behavioral variables, data were analyzed based on the female partner's report.
Cox proportional hazards regression was used for assessing the effects of circumcision on risk of incident HIV-1 infection, defined as HIV-1 seroconversion among initially HIV-1-seronegative female partners. For nine HIV-1-seronegative partners, HIV-1 seroconversion occurred at the first follow-up visit and later testing of baseline plasma detected HIV-1 RNA at the time of study enrollment (i.e., thus, they were already infected with HIV-1 at enrollment, though not yet seropositive); these HIV-1 seroconversion events were included in this analysis to maintain a consistent primary endpoint of HIV-1 seroconversion and because the male partner circumcision status was likely consistent over this time period.
We conducted analyses for all HIV-1 seroconversion events and for the subset of HIV-1 seroconversion events that were genetically linked by viral sequencing within the partnership. Female participants who had an unlinked HIV-1 seroconversion event contributed follow-up time until HIV-1 seroconversion and were censored thereafter. Analyses were stratified by region (eastern African sites versus southern African sites), because of differential median follow-up between the two regions. Adjusted analyses controlled for male partner HIV-1 plasma viral load, as a time-dependent variable, as plasma viral load has been shown to be the strongest predictor of HIV-1 transmission risk [16] . Additional analyses censored women's follow-up time when their male partners initiated antiretroviral therapy. Subgroup analyses -by female partner age, reported unprotected sexual activity during follow-up, male partner plasma viral load at enrollment (based on the results of a prior observational study that found circumcision reduced HIV-1 transmission only from men with viral loads <50 000 copies/ ml [9] ), region, genital ulcer disease in the HIV-1infected male partner during follow-up, and trial randomization arm -were also performed.
Results
In total, 1109 heterosexual HIV-1-serodiscordant couples in which the HIV-1-infected partner was male were enrolled. One man's circumcision status was not assessed and 12 women had no follow-up testing for HIV-1; the remaining 1096 were eligible for this analysis. The median age was 37 for men and 30 for their female partners ( Table 1 ). Most couples were married and cohabitating, and the median duration of partnership was 4 years. The median frequency of sexual activity within the partnership during the month prior to enrollment was 4 [interquartile range (IQR) 2-8], and 27% of couples had sex unprotected by condoms during that month. Only six (1%) female partners reported sexual activity with another partner during the month prior to enrollment. Among the HIV-1-infected male partners, the median baseline CD4 cell count was 424 (IQR 334-571) cells/ml, the median baseline plasma HIV-1 concentration was 4.3 (IQR 3.7-4.9) log 10 copies/ml, and 51.4% were randomized to acyclovir. The majority (86%) of female partners were HSV-2-seropositive; all male partners were seropositive for HSV-2 (a study eligibility requirement).
Three hundred and seventy-four (34%) male partners were circumcised. Demographic and behavioral characteristics were generally similar for couples with circumcised and uncircumcised men. Men from eastern African sites were more likely to be circumcised (39%) than men from southern African sites (24%, P < 0.001), and female partners of circumcised men were older than partners of uncircumcised men (median age 32 versus 30 years, P ¼ 0.008). There was no statistically significant difference in sexual behavior reporting for couples with circumcised versus uncircumcised men. Notably, there were no statistically significant differences between circumcised and uncircumcised men in terms of baseline plasma HIV-1 levels or CD4 cell count.
Follow-up of HIV-1-seronegative female partners and sexual behavior during follow-up
For the HIV-1-seronegative female partners, median follow-up was 18 months (IQR 15-24), and a total of 1685 person-years of follow-up were accrued. Follow-up time was shorter for partners of uncircumcised men than for partners of circumcised men (median 18 versus 21 months, P ¼ 0.03), in part reflecting earlier administrative site closure for some southern African sites compared with the eastern African sites. Within region, there were no statistically significant differences in median follow-up by circumcision status.
As described previously [13] , the frequency of sexual activity decreased during follow-up, including sexual activity unprotected by condoms. The average number of sex acts per month across all follow-up visits was 4.4 (IQR 1-6), with no statistically significant difference between couples with circumcised versus uncircumcised men. Unprotected sex was reported at 7% of follow-up visits. During follow-up, 12% (79/722) of uncircumcised men and 13% of circumcised men (41/374) started antiretroviral therapy (P ¼ 0.9).
Male circumcision status and HIV-1 risk in female partners
Sixty-four women seroconverted to HIV-1 during follow-up (incidence 3.8 per 100 person-years). Of these, 50 (78%, incidence 3.0 per 100 person-years) were determined to be genetically linked within the partnership by viral sequence analysis. HIV-1 incidence was lower for partners of circumcised compared with uncircumcised men, both for total HIV-1 seroconversion events [hazard ratio 0.62, 95% confidence interval (CI) 0.35-1.10, P ¼ 0.10] and for genetically linked events (hazard ratio 0.57, 95% CI 0.29-1.11, P ¼ 0.10), though these differences did not achieve statistically significance ( Fig. 1 and Table 2 ). In an analysis that adjusted for male partner plasma HIV-1 concentrations, female partners of circumcised men retained a nonstatistically significant 40% reduced risk of HIV-1 acquisition, compared with partners of uncircumcised men (hazard ratio 0.60, 95% CI 0.31-1.16, P ¼ 0.13, for genetically linked events). In an analysis excluding follow-up time occurring after male partners initiated antiretroviral therapy, the relationship between male circumcision status and risk of HIV-1 acquisition in female partners was strengthened and was of borderline statistical significance (hazard ratio 0.53, 95% CI 0.26-1.07, P ¼ 0.07, for genetically linked events). Further adjustment for age of the female partner and for unprotected sex during follow-up (both of which were related to HIV-1 acquisition) did not substantially change this risk estimate (change <10%, data not shown).
Subgroup analyses were performed, restricted to linked transmission events and adjusted for plasma HIV-1 levels over time in the male partner (Table 3 ). In all subgroups, female partners of circumcised men were at decreased risk of HIV-1, though this effect was not statistically significant. For all subgroup analyses, there was no suggestion of a statistically significant difference between the subgroup categories for the effect of male circumcision (i.e., no evidence for effect modification; P values for interaction not shown). For participants from the southern African sites, male circumcision appeared not to protect against HIV-1 transmission (hazard ratio 1.06, P ¼ 0.93); however, this was based on a small number of HIV-1 seroconversion events (n ¼ 12) and did not differ statistically from the effect seen for eastern African sites (hazard ratio 0.51, P ¼ 0.08).
Discussion
In this prospective observational study of 1096 African HIV-1-serodiscordant couples in which the HIV-1seropositive partner was male, we found a nonstatistically significant decreased risk of HIV-1 transmission from circumcised HIV-1-infected men to their female partners, compared with couples with uncircumcised HIV-1infected men. This finding adds to a limited body of data relating circumcision status in HIV-1-infected men to the risk of male-to-female HIV-1 transmission, data which may be helpful for programs working to scale-up male circumcision for HIV-1 prevention.
Only one previous longitudinal observational study directly assessed the effect of male circumcision on male-to-female HIV-1 transmission risk by measuring incident HIV-1 infections within HIV-1-serodiscordant couples [9] . Among 223 couples in Rakai, Uganda, HIV-1 seroincidence was 5.2 versus 13.2 per 100 person-years among female partners of circumcised versus uncircumcised HIV-1-seropositive men, respectively (adjusted risk ratio 0.41, 95% CI 0.10-1. 14) . No transmissions occurred within couples with circumcised men who had plasma viral loads less than 50 000 copies/ml, Genetically linked within the partnership, based on viral sequencing, as previously described [13] . For the analysis censored at the time of antiretroviral therapy initiation for the male partner, N ¼ 47 for genetically linked HIV-1 seroconversion events.
compared with an HIV-1 incidence of 9.6 per 100 person-years in couples with uncircumcised men (P ¼ 0.02). Like this study, our results suggest an overall decreased HIV-1 risk in partners of circumcised men, compared with partners of uncircumcised men, though our study did not find a statistically significant difference in circumcision effect for men with lower plasma HIV-1 concentrations compared with those with higher concentrations. Two additional prospective cohort studies on women assessed the relationship between male circumcision status and risk of HIV-1 acquisition: one found a statistically significant protective effect [8] and the other no effect [10] . An important limitation of these two latter studies was the potential for misclassification, as both relied on women's report of their partners' circumcision status.
Biologic mechanisms by which circumcision could reduce male-to-female HIV-1 risk include reduced risk of STIs, particularly genital ulcer disease, that may serve as cofactors for HIV-1 transmission [11, [17] [18] [19] [20] or potentially through direct HIV-1 transmission via microtrauma or inflammation of the foreskin. However, we observed no evidence that genital ulcer disease was a substantial factor explaining the difference in HIV-1 transmission risk for circumcised versus uncircumcised men in our population. Social and behavioral differences between couples with circumcised and uncircumcised men could in part explain a relationship between circumcision status and HIV-1 transmission risk, though our analyses adjusting for region and for sexual behavior over time argue against a strong confounding effect by these factors.
A recently completed clinical trial randomized uncircumcised, HIV-1-infected men to immediate versus delayed circumcision and assessed HIV-1 seroincidence for their partners [11] . The probability of HIV-1 acquisition was not statistically different for women whose partners became circumcised (21.7% at 24 months) compared with those whose partners remained uncircumcised (13.4%, hazard ratio 1.49, P ¼ 0.37). Notably, a post-hoc analysis found that the HIV-1 acquisition rate among partners of men who remained uncircumcised was 7.9% during the first 6 months after enrollment compared with 27.8% for partners of men who were circumcised and then resumed sexual activity prior to documented healing of the surgical wound (P ¼ 0.04), a substantially increased risk.
One possible explanation for the difference between the results of the observational studies in HIV-1-serodiscordant couples and the recent clinical trial may be that men in the observational studies were likely circumcised in childhood or adolescence and thus had many years for full wound healing and keratinization of the glans. This raises the possibility that male circumcision may have long-term null or beneficial effects on male-to-female HIV-1 risk, but short-term risk for enhanced HIV-1 transmission during the postoperative period for men who are already HIV-1-infected when they become circumcised. Thus, circumcision earlier in life (e.g., in childhood, prior to initiation of sexual activity) might maximize the potential benefits of circumcision and minimize risks. Problematically, clinical trials to assess the effect of childhood circumcision on future HIV-1 transmission risk would likely be prohibitively long and expensive, as would trials of long-term follow-up (e.g., 5 years or more, to allow for 742 AIDS 2010, Vol 24 No 5 keratinization of the glans) of partners of HIV-1-infected men who undergo circumcision.
Our study had several strengths, including its geographic diversity and enrollment of women at risk for HIV-1 and their partners, which allowed confirmation of circumcision status, adjustment for plasma HIV-1 levels in the male partner, and determination of viral transmission linkage within the partnership. Condom use was very high among this population of HIV-1-serodiscordant couples who received ongoing individual and couples risk reduction counseling; unprotected sexual activity might be expected to be more common and HIV-1 incidence higher outside of a clinical trial. Sexual behavior risks did not differ between couples with circumcised and uncircumcised HIV-1-infected men in our population.
In spite of the large sample size (almost 1100 HIV-1serodiscordant couples with HIV-1-seropositive men), our statistical power for adjusted and subgroup analyses was limited, and even larger observational studies might be necessary to detect a statistically significant effect of circumcision on reducing male-to-female HIV-1 transmission risk. Assuming the protective effect of circumcision on HIV-1 incidence we observed in this study held constant if we had enrolled a larger sample size, we would have achieved statistical significance with 76 linked HIV-1 transmission events, which we estimate we would have seen if we had followed 1302 couples. However, others have recently estimated that a randomized controlled trial of up to 10 000 HIV-1-serodiscordant couples might be necessary to definitively evaluate the effect of circumcising HIV-1-infected men on HIV-1 transmission risk to their female partners [21] , for example, if the true magnitude of a protective effect of circumcision on maleto-female HIV-1 transmission risk is less than we observed in this study or if there is a period of increased HIV-1 transmission risk after circumcision.
Additional limitations include that HIV-1 subtype data are not available for this cohort (which might allow assessment of whether subtype modified the relationship between circumcision status and HIV-1 transmission risk) nor were data collected on the age of circumcision for circumcised men. Etiologic testing for STIs was performed only at enrolment and data on bacterial vaginosis are not available; however, STIs were rare in this population and syndromic assessment and treatment occurred quarterly.
Circumcision roll-out programs targeting HIV-1-uninfected men have recently been initiated in several countries. Mathematical modeling studies have demonstrated that male circumcision programs will lead to decreasing HIV-1 prevalence in women, over 10-20 years, by averting infections in men and onward transmission to their partners [22] . Women will also benefit from male circumcision programs through decreased risk of STIs, including T. vaginalis, bacterial vaginosis, HSV-2, and human papillomavirus [11, [17] [18] [19] [20] 23] . Our results suggest that men who acquire HIV-1 in spite of being circumcised pose no greater HIV-1 risk to their female partners than if they were uncircumcised and may actually pose a reduced risk. For men who are already HIV-1-infected and who desire circumcision, short-term interventions to protect against transmission risk during wound healing could be studied (e.g., a period of antiretroviral therapy or potentially antiretroviral preexposure prophylaxis for their female partners). Finally, programs should involve women for informed decision-making about circumcision [23] , including couples HIV-1 counseling and testing and messaging on the risks and benefits of circumcision for HIV-1seropositive men and their partners.
